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The genetic influences on aging-related phenotypes, including cognition and depression, have been well
confirmed in the Western populations. We performed the first twin-based analysis on cognitive perfor-
mance, memory and depression status in middle-aged and elderly Chinese twins, representing the world’s
largest and most rapidly aging population. The sample consisted of 384 twin pairs with a median age of 50
years. Cognitive function was measured using the Montreal Cognitive Assessment (MoCA) scale; memory
was assessed using the revised Wechsler Adult Intelligence scale; depression symptomatology was eval-
uated by the self-reported 30-item Geriatric Depression (GDS-30)scale. Both univariate and multivariate
twin models were fitted to the three phenotypes with full and nested models and compared to select
the best fitting models. Univariate analysis showed moderate-to-high genetic influences with heritability
0.44 for cognition and 0.56 for memory. Multivariate analysis by the reduced Cholesky model estimated
significant genetic (rG = 0.69) and unique environmental (rE = 0.25) correlation between cognitive ability
and memory. The model also estimated weak but significant inverse genetic correlation for depression
with cognition (-0.31) and memory (-0.28). No significant unique environmental correlation was found for
depression with other two phenotypes. In conclusion, there can be a common genetic architecture for
cognitive ability and memory that weakly correlates with depression symptomatology, but in the opposite
direction.
 Keywords: cognition, memory, depression symptomatology, multivariate, twin model
Cognition, memory, and depression symptomatology are
important determinants to maintain quality of life and in-
dependence in older people. In the literature, moderate-
to-high heritability has been estimated for cognitive skill,
memory, and depression symptomatology bymultiple twin
studies in Western countries (Finkel et al., 1995; Johansson
et al., 1999; Lee et al., 2010; 2012; McGue & Christensen,
2001; 2002; Sachdev et al., 2009; Skytthe et al., 2006; Tambs
et al., 2009), confirming the genetic regulation of aging-
related phenotypes. As the three phenotypes represent im-
portant domains of aging-associated impairment, it would
be interesting to study the genetic mechanisms in the regu-
lation of these phenotypes. Results from such analysis could
help with our understanding of the biological mechanism
of mental aging and provide useful information for the
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development of efficient strategies for promoting mental
health and healthy aging.
In the literature of twin studies, both univariate andmul-
tivariate analyses (Rijsdijk& Sham, 2002) have been applied
to a variety of disease phenotypes or traits. Different from
univariate twin models, multivariate twin models explore
the common genetic background shared by multiple phe-
notypes to infer pleiotropic genetic effects underlying the
covariance of multiple phenotypes. For example, based on
different assumptions, the common factor common path-
way and the common factor independent pathway models
have been applied to infer if there are common or inde-
pendent genetic mechanisms in the regulation of metabolic
phenotypes (Pang et al., 2010), behavior (Dawood et al.,
2005) or psychological and psychiatric traits (Kendler et al.,
2012). In aging studies, twin-based multivariate modeling
has been conducted on different aging-related phenotypes
using bivariate or multivariate analysis, but predominantly
in Western populations (Finkel et al., 2000; Kremen et al.,
2007; Ogata et al., 2014; Robitaille et al., 2012; Svedberg
et al., 2009; Tucker-Drob et al., 2014); for example, the
bivariate study of self-rated health and cognitive abilities
(Svedberg et al., 2009), the multivariate genetic analysis of
adultmemory (Finkel et al., 1995), and the commongenetic
influence on hand strength, processing speed, and working
memory (Ogata et al., 2014). Interestingly, their results,
based on Western populations, indicated that common ge-
netic factors may influence memory and processing speed
and thatmemory, processing speed and, visuospatial ability
could represent different aspects of cognitive function.
The Chinese population is the world’s largest and most
rapidly aging population. The aging Chinese population is
potentially creatingagrowingburden toa societyunder eco-
nomic transition. Studying and promoting healthy aging in
theChinese populationmayhold the key to improving pub-
lic health in China. This is especially important considering
that the current findings from Western populations may
not apply to the Chinese population, who live in a different
social and physical environment. This article reports results
from the first twin-based multivariate modeling of cogni-
tion, memory, and depression symptomatology as part of
a comprehensive investigation of genetic and environmen-
tal regulation on aging-related phenotypes in middle-aged
and older Chinese twins. Results from different multivari-
ate models will be presented, with the aim of testing our
hypothesis of a common genetic and environmental back-
ground for the three phenotypes. The article ends with dis-
cussion on findings from our analysis, together with their
implications.
Methods
Study Participants
The study was based at the Qingdao Twin Registry, es-
tablished in 1998 at the Qingdao Center for Disease Con-
trol and Prevention (Qingdao CDC; Duan et al., 2013),
the first population-based twin registry in China (Li et al.,
2006; 2013). Different from Western countries with well-
established registration systems, recruitment of Chinese
twins is through multiple channels, especially given the
lower twin birth rate (0.76%; Gan & Zheng, 2002). In
this study, twins were recruited through the network of the
Qingdao CDC in residential communities of the Qingdao
municipality, using the residence registry, medical records,
andmedia announcements. Complete pairs ofmiddle-aged
and older twins were recruited in 2012 and 2013. Twinswho
were unconscious, unable or unwilling to cooperate were
excluded from sampling. The final sample consisted of 384
pairs, including 244 monozygotic (MZ, 116 male pairs, 128
female pairs) and 140 dizygotic (DZ, 42 male pairs, 39 fe-
male pairs, 59 opposite sex pairs) twin pairs aged from 33
to 80 years with a median age of 50. Altogether, there were
375 male twins with a mean age of 52.3 years and 393 fe-
male twins with amean age of 50.9 years. Venous blood was
drawn for zygosity determination for like-sex twin pairs us-
ing 16multiple short tandem sequence repeatDNAmarkers
(Becker et al., 1997; Tomsey et al., 2001) at the central lab-
oratory of the Qingdao Blood Center, with correct zygosity
assignment ascertained to be 99.9%.
The study was approved by the Regional Ethics Com-
mittee of the Qingdao CDC Institutional Review Boards
and conducted according to the principles of the Helsinki
Declaration. All participants signed a consent form and
completed a questionnaire and health examination at the
local service center of the Qingdao CDC or at community
hospital/clinics.
Assessment of Cognition, Memory, and Depression
Symptomatology
For each twin pair, face-to-face interviews with each twin
were performed by the same well-trained and experienced
interviewer. We used the MoCA (www.mocatest.org) scale
to test the general cognitive performance of the participants.
The MoCA is the most age-sensitive and effective test for
assessing cognitive ability of healthy aging (Gluhm et al.,
2013; Ismail et al., 2010; 2013; Luis et al., 2009; Nasreddine
et al., 2005). The MoCA is a brief 0–30 point assessment
of global cognition that evaluates a broad array of cogni-
tive domains including attention, orientation, abstraction,
linguistic skill, delayed recall and executive ability. A re-
cent study reported that premorbid IQ influences MoCA in
both healthy subjects and patients with cognitive impair-
ments (Alves et al., 2013).Here, we used theMoCAadjusted
for education, with educational level quantified by totaling
the number of years to complete the participant’s highest
of schooling, adding 1 score if it was less than 12 years of
education. A higher cognitive score meant better cognition.
Memory was measured using the forward and back-
ward digit span task from the Wechsler Adult Intelligence
scale — Revised for China (WAIS-RC; Gong, 1989). In the
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TABLE 1
Descriptive Statistics, Regression Outputs and ICCs for the Three Phenotypes
Regression coefficients ICCs
Quantile (%) Age∗
Phenotypes Median 2.5–97.5 Age p-value Gender p-value Gender p-value MZ (95%CI) DZ (95%CI) p-value
Cognition 22 8.2–28.0 -4.237 5.0e-4 -2.181 0.959 0.345 0.674 0.55(0.44,0.64) 0.35(0.19,0.49) 0.018
Memory 12 6–16 -0.219 8.93e-9 -3.627 0.007 0.084 0.001 0.49(0.38,0.59) 0.29(0.12,0.44) 0.027
Depression symptomatology 7 1–22 0.036 .687 1.460 0.642 -0.027 0.657 0.45(0.34,0.55) 0.35(0.19,0.49) 0.265
Note: Bold type indicates statistical significance (p = 0.05).
forward digit condition, the interviewer read aloud a se-
ries of numbers of increasing length, and the participant
was instructed to repeat the numbers in the same order.
For the backward digits, the interviewer also read aloud a
series of numbers of increasing length, but the participant
was instructed to repeat the numbers in the reverse order.
The sequences were increased in length by 1 unit in each
subsequent trial until the participant failed two trials in a
row of the same sequence length. The forward digit bat-
tery consisted of sequences of 3–9 units, and the backward
digits test consisted of sequences of 2–8 units. Forward and
backward scores were based on the longest length of cor-
rect answers in each condition. Memory was measured as
the sum of forward and backward digit span scores (range,
0–17). A higher digit span score indicated better memory
performance.
Depression symptomatology was assessed by the self-
reported GDS-30(Brink et al., 1982). All the items were
transformed so that the higher the total score, the more
severe the participant’s mental condition.
Statistical Analysis
Data were entered and corrected by Epidata3.1 (www.
epidata.dk). Considering the skewed distributions of cog-
nition, memory, and depression symptomatology, all three
measurements were transformed by Box–Cox power trans-
formation (Box & Cox, 1964) to ensure approximately nor-
mal distribution using the free R package car (http://cran.
r-project.org/web/packages/car/index.html). Data were an-
alyzed to estimate the intra-pair correlation coefficients
(ICCs) and test statistical significance for the effects of age
and sex using twinlm function in the free R package mets
(http://cran.r-project.org/web/packages/mets/index.html).
The classical twin models were applied to each of the
three phenotypes to decompose the observed variance into
the additive genetic (A), shared environmental (C), and
unique environmental (E) components by fitting models
encompassing the A, C, and E components (the full ACE
model) or theA,D, andE components (the full ADEmodel)
with the ADEmodel only considered when phenotype cor-
relation in MZ twins was over two times that in the DZ
twins. By dropping each variance component from the full
model in turn, the nestedmodels (AE,CE,DE, E)were fitted
and statistical significance of the corresponding removed
variance component was tested using the likelihood ratio
test. This was followed by themultivariate analysis (Rijsdijk
&Sham, 2002) that fitted a fullmultivariateCholeskymodel
to all phenotypes and estimated genetic correlation (rG),
common environmental correlation (rC) and unique envi-
ronmental correlation (rE) among the three phenotypes. As
a balance between model fit and parsimony in the number
of variables, Akaike’s Information Criterion (AIC; Akaike,
1987) was used to determine the suitability of models, with
the lowest value indicating the best model.
In all model fitting, age and sex (1 for males and 2 for
females) were included as the covariates to adjust for their
effects on the three phenotypes. Robustness of analysis was
assessed using bootstrap resampling to calculate empirical
95% CIs for estimated variables. All the multivariate twin
modeling was performed by the free software Mx package
(http://www.vcu.edu/mx).
Results
Descriptive Statistics
The descriptive statistics (median, percentiles) for the three
phenotypes are shown in Table 1, together with results from
fitting linear models to each measurement for the effects of
age and sex. There was a strong pattern of decline in cog-
nition and memory with increasing age, as indicated by the
highly significant negative regression coefficients. For sex,
memory was significantly lower in females than in males
but there was a significant age–sex interaction in favor of
females,meaning thatwith increasingage, females gradually
outperform males in memory. Age and sex had no signif-
icant influence on depression symptomatology (p ˃ 0.05).
Table 1 also displays the estimated ICCs for MZ and DZ
twins separately. For cognition and memory, the ICC was
significantly higher for MZ than for DZ twins, suggesting
genetic influences. The ICC for depression symptomatol-
ogy was also higher in MZ than in DZ twin pairs but the
difference failed to reach statistical significance.
Univariate Twin Models
In Table 1, the estimated ICCs for MZ twins were all lower
than the doubled ICCs for DZ twins, thus no ADE model
was considered in model fitting. Heritability first estimated
by the univariate ACE models was low (0.22 for cognition,
95% CI: -0.13–0.57; 0.20 for depression symptomatology,
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TABLE 2
The Full and the Best Fitting Model for Cognition, Memory, and Depression Symptomatology Adjusted for Age and Gender
Phenotype Model A (95%CI) C (95%CI) E (95%CI) -2LL AIC  2 df p value
Full model
Cognition ACE 0.2,206(-0.1,306,0.5,718) 0.2,009(-0.1,102,0.5,120) 0.5,785(0.4,786,0.6,783) 8,578.376 8,592.377 — — —
Memory ACE 0.4,767(0.1,592,0.7,941) 0.0812(-0.2,063,0.3,686) 0.4,422(0.3,567,0.5,277) 5,088.094 5,100.094 — — —
Depression
symptomatol-
ogy
ACE 0.2,011(-0.1,338,0.5,361) 0.2,507(-0.0477,0.5,492) 0.5,482(0.4,530,0.6,433) 4,761.194 4,773.195 — — —
Best fitting model
Cognition AE 0.4,366(0.3,436,0.5,296) — 0.5,634(0.4,704,0.6,564) 8,579.842 8,591.842 1.466 1 0.2,260
Memory AE 0.5,629(0.4,812,0.6,446) — 0.4,371(0.3,554,0.5,188) 5,088.388 5,098.388 0.294 1 0.5,877
Depression
symptomatol-
ogy
CE — 0.4,176(0.3,348,0.5,003) 0.5,825(0.4,997,0.6,652) 4,762.660 4,772.661 1.466 1 0.2,260
Note: A = Additive genetic influence, C = Shared environmental influence, E = Unique/non-shared environment influence, 2LL = two times the log-likelihood;
df = difference in degree of freedom.
95% CI: -0.13–0.54) to moderate (0.48 for memory, 95%
CI: 0.16–0.79; Table 2). Model comparison between the full
ACEmodels and their nestedmodels selected the best fitting
models as the AE model for cognition and memory and
the CE model for depression symptomatology. The best
fitting AE models estimated moderate-to-high heritability
for cognition (0.44, 95% CI: 0.34–0.53) andmemory (0.56,
95% CI: 0.48–0.64) while the best-fitting CE model for
depression symptomatology estimated a strong common
environmental component (0.42, 95% CI: 0.33–0.50). In
contrast to the genetic component, the unique environment
had a relatively high contribution to the variation of the
three phenotypes in all the fitted models.
Multivariate Cholesky Models
We started multivariate analysis by fitting a full Cholesky
decomposition model to the three phenotypes. In the full
model, the 95% confidence intervals for the estimated com-
mon environmental contributions to total variance or co-
variance either overlapped with zero or were very close to
zero. With this consideration, we fitted a reduced Cholesky
decomposition model by fixing loadings for common en-
vironmental factors to zero. Comparison of the reduced
(-2LLK = 5,811.526, df = 2,273) with the full (-2LLK =
5,818.894, df = 2,279) Cholesky model using likelihood ra-
tio test gave a p-value of 0.29 (2 = 7.37, df= 6). As a result,
the reduced Cholesky model was preferred with considera-
tion of model parsimony and limited sample size. Figure 1
is the path diagram for the reduced Cholesky model, with
each factor having one loading less than the previous one.
Along the path, arrows are the standardized path coeffi-
cients for the additive genetic and unique environmental
factors. The estimated path coefficients show strong factor
loading from the genetic factor of cognition to memory.
In contrast, the unique environmental factors for cogni-
tion and memory have only minor loading to depression
symptomology. In Table 3, we show the estimated genetic
and unique environmental correlation coefficients among
the three phenotypes. As expected, the model estimated a
high genetic correlation (rG = 0.69, 95% CI: 0.57–0.79)
A1 A2 A3
Cognition Memory Depression
E1 E2 E3
0.69 0.47 -0.20 0.07 -0.63-0.50
0.60 0.16 -0.03 -0.61 0.02 0.74
FIGURE 1.
(Colour online) Path diagram of the reduced Cholesky decomposi-
tion model. The standardized path coefficients show strong factor
loading from the genetic factor of cognition to memory. In con-
trast, the unique environmental factors for cognition and memory
have only minor loading to depression symptomology.
between cognition and memory. Depression had low but
significant genetic correlation with cognition (rG = -0.31,
95% CI: -0.46– -0.14) and memory (rG = -0.28, 95% CI:
-0.44– -0.11), suggesting their inverse genetic relationship
with depression. The unique environmental correlationwas
only significant between cognition andmemory (rE = 0.25,
95% CI: 0.14–0.36).
Discussion
We have fitted both univariate and multivariate twin mod-
els to three important domains of aging phenotypes, that is,
cognition, memory, and depression symptomatology. Our
best fittingmodel estimated amoderate heritability for cog-
nition (0.44; Table 2). This estimate is relative lower than
some of the reported studies but is comparable with results
from a Danish twin study (McGue & Christensen, 2001).
In a recent study, Karlsgodt et al. estimated heritability for
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TABLE 3
Genetic and Environmental Correlation Coefficients for the Reduced Cholesky Decomposition Model
Phenotype Cognition Memory Depression symptomatology
A
Cognition 1.000
Memory 0.685 (0.570,0.788)∗ 1.000
Depression symptomatology -0.305 (-0.462,-0.143)∗ -0.281 (-0.444,-0.113)∗ 1.000
E
Cognition 1.000
Memory 0.249 (0.135,0.357)∗ 1.000
Depression symptomatology -0.043 (-0.159,0.074) -0.040 (-0.156,0.078) 1.000
Note: ∗p value .05.
a subtest of the WAIS of 0.54 for forward digit span using
family data (Karlsgodt et al., 2010). Interestingly, this is very
close to our estimate of 0.56 by the best fitting model for
memory. Different from cognition and memory, our best
fitting model for depression estimated no genetic effect in
depression symptomology. Based on a large sample of Dan-
ish twins, Johnson et al. (2002) studied the additive genetic
effects on depression symptoms with moderate heritability
estimates (affective scale h2 = 0.27, somatic scale h2 = 0.26,
total h2 = 0.29). Their estimates are, however, close to our
estimate of 0.20 (95% CI: -0.13–0.54) although the latter
is statistically insignificant. We think that the discrepancy
in the estimated genetic effect in depression symptomology
could be due to our limited power in estimating low heri-
tability using a small twin sample, rather than population
differences.
The focus of our multivariate analysis is to examine
the common genetic and environmental background of
the three phenotypes. Our estimates revealed a strong ge-
netic correlation between cognition and memory, suggest-
ing common genetic basis of the two phenotypes. In our
assessment instrument, MoCA-based cognition is a com-
positemeasurement that evaluates abroadarrayof cognitive
domains, including attention, orientation, abstraction, lin-
guistic skill, delayed recall, and executive ability. TheWAIS-
RC (Finkel et al., 1995; Johansson et al., 1999) measures
memory with a backward and forward digit-span to as-
sess an individual’s intelligence in retrieving information.
The WAIS backward and forward digit span test measures
attention and short-term memory while the MoCA test in-
cludes items for delayed recall and attention. Thus, it is not
surprising to see from our results that the two domains are
highly genetically similar. Using results on twins, Finkel and
McGue (1993) reported that the relationship between cog-
nition andmemory was genetic in nature, a conclusion that
is consistent with our finding from multivariate analysis.
Overall, we conclude that memory and cognitive ability are
highly genetically interrelated and if one becomes impaired,
the other could also be affected.
As can be seen fromTable 3, depression symptomatology
has a weak but significant genetic correlation with cogni-
tion andmemory. The negative and low genetic correlation
coefficients imply that some genes that affect cognition and
memory could also affect depression symptom but in an
opposite direction. Although the GDS-30 is an assessment
instrument to identify depression in the older people, dif-
ferent from cognition and memory, it does not seem to
change by age in the age range of our samples (Table 1).
Considering that the median age of our samples is 50 years,
the reported high peak of depression risk in older subjects
(80 years or older; Mirowsky & Ross, 1992) was actually
missed. It would be interesting to study older aged Chinese
twins, which could perhaps reveal a different picture of the
multivariate models.
Indeed, our study was limited by its small sample size
and relatively younger age. However, even with a relatively
limited andmiddle-to-older aged samples, our study found
interesting genetically correlated and uncorrelated patterns
among the three important domains of aging-associated
phenotypes, although with considerably large confidence
intervals. The results have encouraged us to extend our
study to older aged twins with the hope of capturing the
dynamic genetic and environmental regulation patterns in
mental aging. As shown in Table 1, both cognition and
memory have a strong declining pattern with age in our
middle-to-older aged twins. As a continuation of our cur-
rent project, we are going to set up a longitudinal investiga-
tion to measure changes in aging phenotypes. The longitu-
dinal study could provide important information concern-
ing the genetic and environmental contribution to the rate
of change over time, on top of the mean phenotype levels,
and help to explain why and how people age differently.
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